Abstract. We investigate the acceleration of charged particles in regions of solar-wind compression in the absence of shocks. The mechanism we describe is essentially the same as diffusive shock acceleration, except that here we show that a gradual compression of the plasma, rather than a shock, can efficiently accelerate the particles. Our method is to integrate the trajectories of an ensemble of test particles moving in synthesized electromagnetic fields, which are similar to what is currently known about corotating interaction regions. We show that compression regions at 1 AU, with widths ~ 0.03 AU can accelerate particles up to ~ 10 MeV.
INTRODUCTION
It is widely believed that energetic nuclei in corotating particle events observed near Earth's orbit are the result of backstreaming particles accelerated at the forward and reverse shocks bounding a corotating interaction region (CIR) at distances > 2 AU [1, 2] . The shock-accelerated particles propagate back to the observer at 1 AU [3] . Recent observations of energetic nuclei associated with CIRs do not seem to fit this picture [4] . Instead, they suggest that energetic particles are accelerated within the transition region from slow to fast solar wind, which is a more gradual change than the near instantaneous jump across a shock. The particle acceleration is observed in situ.
It is the purpose of the present work to investigate the acceleration of charged particles in regions of gradual compression, where the particle mean-free path, Xy, is large compared to the width of the compression, A c . This may be the case for low-energy particles encountering a CIR near 1 AU where the forward and reverse shocks have not yet formed. If particles diffuse through the velocity gradient associated with the CIR formation, they will be efficiently accelerated due to the fact that this gradient is very large. Consequently, considerable acceleration can occur before the shocks form (< 2 AU) and this can lead to a peak in the intensity within the CIR. This might explain recent observations by Mason [4] .
ANALYTICAL CONSIDERATIONS
In order for acceleration to occur at a compression region, we require that the diffusive length scale Aj be larger than the compression region width A c . This gives,
where K rr is the diffusion coefficient along the propagation direction of the compression region (assumed to be radial) and U is the flow speed. It is readily demonstrated that in the limit A c <C Aj all of the results of diffusive shock acceleration are recovered [5] .
We consider the acceleration of interstellar pickup ions by a solar wind compression region which corotates with the sun. It is known that there will be a forward and reverse shock at distances beyond ~ 2 AU. Near 1 AU, however, there is a smooth transition from the fast to slow solar wind which occurs over a scale which is much larger than the gyroradius of the pickup ions. We further assume that the gradient associated with the plasma compression is aligned with the radial direction. Using these considerations, it is straightforward to show that Eq. (1) leads to A c < (w/£/)X||, where w is the particle speed. If, however, A,y is too large, the particles will not scatter downstream (the same side as the sun) of the compression region and will instead be mirrored in the strong magnetic field near the sun. This will not lead to any significant acceleration. Consequently, we require both that the mean-free path is larger than the width of the compression, but smaller than about 1 AU (for particles with a speed equal to the flow speed). Pickup ions probably satisfy these criteria and, therefore, we expect them to be efficiently accelerated at solar CP598, Solar and Galactic Composition, edited by R. F. Wimmer-Schweingruber wind compression regions. The mechanism is similar to diffusive shock acceleration in that the particles are accelerated as they scatter off of converging scattering centers.
The acceleration can occur for any particles, provided that their mean-free path is large enough to sample the velocity gradient and small enough to be scattered downstream of the compression region. The highest energy attainable, therefore, can be estimated by setting the meanfree path to the heliocentric distance of the compression region. A compilation of observations of particle meanfree paths by Palmer [6] has shown that even 1-10 MeV particles can have mean-free paths which are smaller than, or are comparable to 1 AU. Consequently, we conclude that pickup ions can be accelerated by corotating compression regions (at distances smaller than where the forward and reverse shocks form) up to energies of about 1-10 MeV.
However, for the case of particle acceleration in the inner heliosphere where the particle mean-free paths may be comparable to the size of the system (~ AU), significant anisotropies are expected and we cannot use the diffusive approximation. Consequently, a numerical treatment is necessary.
NUMERICAL MODEL
In order to quantify the acceleration of charged particles by gradual compressions in the solar wind, we first construct a simple model of a corotating interaction region which has not yet formed the forward and reverse shocks. From this model we determine the electromagnetic fields using magnetohydrodynamics. We then integrate the trajectories of an ensemble of test particles in the model fields from which we obtain the distribution function by binning along the particle trajectories.
We consider a simple model in which the solar wind flow is radial in a frame fixed with respect to the Sun with a speed £/, and in steady state in a frame which corotates with the sun. In this frame, the continuity equation yields
Our method is to determine the density, p, for a given functional form of the flow speed U. We do this by solving Eq. (2). We assume the following form for the flow speed:
where W is a constant speed and Q 0 is the solar rotation frequency. U s and U/ are the slow and fast solar-wind speeds, respectively. This form for U contains both a compression region, with a azimuthal width A<|) c , and a rarefaction region with an azimuthal width A(|) r /. The compression region does not form into shocks in this simplified model. The constants (|) c and § r f specify the location the compression and rarefaction regions. It is readily shown that the thickness of the compression region along a given radius vector is given by A c = WA<|) C /Q0. The speed W can be thought of as the speed at which these disturbances move radially outward in the inertial (not rotating) frame of reference. If W is slower than the slow solar-wind speed, then the disturbance will be a "reverse" compression (similar to a reverse shock); whereas for W faster than the fast solar-wind speed, the disturbance will be a "forward" compression.
A solution of Eq. (2) using Eq. (3) is given by (4) where r 0 is the solar radius and p 5 is the density in the slow solar wind at r = r 0 . To avoid the singularity in Eq. (4), we consider cases where W is everywhere smaller, or larger, than U. A divergence-free magnetic field is given by (5) where (6) Figure 1 shows magnetic field lines for the magnetic field given by Eqs. (5) and (6) . The parameters are shown in the caption. The compression region is evident. Note that because we have chosen W to be slower than the slow solar-wind speed, there are no magnetic field lines originating in the slow wind which intersect the compression region. Hence, this is a reverse compression region.
We follow test particles (helium ions) in the magnetic field given by Eq. (5). The orbits are integrated numerically by solving the Lorentz force acting on each particle. The particle orbits are computed in the corotating frame of reference. Each particle is followed until it crosses an outer boundary which is placed at 3 AU. Particle distributions are computed by binning along the trajectory at a constant time interval. This method gives the steady-state distribution as a function of r, <| ), and momentum p.
Scattering is introduced in a phenomenological manner. The scattering conserves energy and is isotropic in a y,AU -3 -6 -6 -3 0
x, AU are for the case of an interstellar pickup-ion source. An observer at rest with respect to the rotating sun would see this structure every solar rotation period. The energies for each of the curves shown are in the caption. The simulation parameters are the same as that shown in Figure 1 except that here we used A(|) c = 2° which gives A c = 0.025 AU. Also for this case we used Xy = 0.056(w/( 7 5 ) 2 / 3 AU. Note that at all energies the particles have a mean-free path which is larger than the compression width. Figure 2 shows that the particle fluxes rise with the passage of the compression region and that the fluxes drop off at different rates depending on their energy. These are both consistent with the observations described by Mason [4] . frame moving with the plasma. A scattering time is chosen from an exponential distribution with a given mean. The mean scattering time is related to the parallel meanfree path, X||. We use two forms for Xy: K\\ <* w 2 / 3 (quasilinear theory), and X||=constant. We note, in passing, that cross-field diffusion is included here in the form of classical scattering (which is also often referred to as "hardsphere" or "billiard-ball" scattering).
We consider two type of sources in this study. The first are ionized interstellar neutrals, or pickup ions. These are singly-ionized particles which we release from rest in the inertial frame of reference (the non rotating frame in which the solar wind flows radially outward). The spatial distribution is determined from the analytic model of Vasyliunas and Siscoe [7] using a characteristic ionization distance of 0.7 AU and an interstellar density of 0.01cm" 3 which are representative of interstellar helium. For simplicity, we assume that the interstellar flow speed and temperature are both zero. The second type of source that we consider is solar-wind alpha particles. These particles are doubly ionized. A kappa distribution is assumed to determine their initial speed (K = 3). Their density at 1 AU is assumed to be 0.5cm~3 and falls off as r~2. Their temperature is determined from the adiabatic law (at 1 AU it is 2xl0 5 K).
RESULTS AND DISCUSSION
Shown in Figure Shown in Figure 3 is the energy spectrum at 1 AU integrated over all <]) for the case of an interstellar pickupion source. The turnover at high energies is due to the fact that those particles have mean-free paths which are comparable to the distance from the Earth to the Sun. For this case, particles with a speed 15U S (an energy of ~ 5 MeV) have a mean-free path of 1 AU. This is somewhat higher than where the turnover in energy occurs. The discrepancy is due to the fact the inside 1 AU the mean-free path is significantly reduced by the stronger magnetic field near the sun.
Shown in Figure 4 are the energy spectrum observed at 1 AU for the case of a constant mean-free path for two input source distributions: a solar-wind source which has a high-energy tail (kappa distribution), and a pickupion source. Note that the abundance of solar-wind He Energy, keV FIGURE 3. Energy spectrum of accelerated interstellar pickup helium at 1 AU.
SUMMARY
We have discussed an alternate view of particle acceleration at compression regions, rather than shocks. This process is very much like shock acceleration in that the energy gain arises from scattering between converging scattering centers. However, in order for low-energy particles to be accelerated, they must have a long enough meanfree path to sample the gradual velocity gradient associated with the compression. Spacecraft observations indicate that pickup ions, and other low-energy particles, have much longer mean-free paths than one would expect from theory. Thus, compression regions may accelerate pickup ions to high energies (1-10 MeV).
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larger heliocentric distances the pickup ions will dominate since their density falls off less rapidly than the solar wind density. Note also that the energy spectra do not exhibit a turnover at high energies. This is due to the choice of a constant mean-free path which is smaller than the radial distance from the compression region. Energy, keV FIGURE 4. Energy spectra for solar-wind alpha particles (solid line) and interstellar pickup helium (dashed line) at 1 AU. The dotted curves shown are K-distributions for the fast and slow winds which were used as the source for the solarwind alpha particles. A constant mean-free path (0.056 AU) was considered for both species.
